This paper presents experimental evidence for the existence of a set of unique force modulation strategies during manual soft tissue palpation to locate hard abnormalities such as tumors. We explore the active probing strategies of defined local areas and outline the role of force control. In addition, we investigate whether the applied force depends on the non-homogeneity of the soft tissue. Experimental results on manual palpation of soft silicone phantoms show that humans have a well defined force control pattern of probing that is used independently of the non-homogeneity of the soft tissue. We observed that the modulations of lateral forces are distributed around the mean frequency of 22.3 Hz. Furthermore, we found that the applied normal pressure during probing can be modeled using a second order reactive autoregressive model. These mathematical abstractions were implemented and validated for the autonomous palpation for different stiffness parameters using a robotic probe with a rigid spherical indentation tip. The results show that the autonomous robotic palpation strategy abstracted from human demonstrations is capable of not only detecting the embedded nodules, but also enhancing the stiffness perception compared to static indentation of the probe.
Introduction

1
The improved design of a tactile probe potentially can lead to better probing results. 21 The current state-of-art research shows that various designs and transduction principles 22 are employed and tested during the development of tactile devices for tissue 23 examination [7] [8] [9] [10] [11] . Alternatively, it is possible to study manual palpation techniques 24 that are broadly used during open surgery or physical examination to access the 25 mechanical properties of the organs. 26 We propose that one of the possible directions is the development of behavioral 27 guidelines in order to maximize the efficiency of probing devices during artificial tactile 28 exploration. In our previous works [12, 13] manual palpation techniques were studied to 29 understand the optimal control strategies that can be used by tactile devices to detect 30 hard nodules inside a soft tissue more accurately. Two force-velocity modulation 31 strategies of hard nodule detection were outlined [13] . The first strategy relies on the 32 displacement and kinesthetic feedback perceived with the finger, while the second relies 33 mostly on force feedback. These studies, inspired by manual palpation techniques, have 34 shown the importance of the applied force and velocity modulations during 35 unidirectional manual examination of a soft tissue. In the present work, it is important 36 to explore the possible pattern of force modulation for the case of exploration of a given 37 point. Therefore, the aim is to determine whether there exists a specific force control 38 strategy that is used to detect harder areas in a soft environment.
39
Palpation techniques can be divided into three main strategies, according to the 40 classification presented in [14] , namely global examination, local examination and 41 applied finger pressure. These techniques are often combined to achieve the best 42 possible result. Global movement is applied as a general scanning and assessment 43 technique. For further examination it is necessary to explore those areas more 44 thoroughly. Therefore, the local finger movement technique is applied and performed 45 only within a selected section. This type of palpation helps physicians to understand 46 the shape and depth of an abnormality, and can be applied as tapping, sliding or 47 vibration of the tissue. The third palpation technique, corresponds to the average 48 intentional finger pressure applied during the palpation procedure, such as light and 49 deep palpation [15] . Light pressure is mainly used with global scanning to access the 50 general mechanical properties and temperature of the organs. Indentation of this type 51 of palpation does not exceed 2 cm and pressure is as light as possible. Deep palpation is 52 performed with heavier pressure, mainly used for local finger movement, with an 53 indentation of about 4 to 6 cm, and is used to evaluate the stiffness, size, contours and 54 shape of the formation or of the organ [16] . In this work we present studies on manual 55 palpation that is focused on deep palpation for local examination patterns. Therefore, 56 we look at the characteristics of force modulations applied for a single defined area.
57
The related studies of palpation techniques also indicate that to understand the 58 mechanical properties or stiffness of soft harder objects one needs to apply specific 59 examination behaviors. For instance, the importance of global examination technique in 60 the initial object exploration is highlighted in [17, 18] , and work in [19] discusses the 61 effectiveness of force and depth control approaches during local palpation.
62
There are several examples when the properties of a soft medium are measured using 63 active modulations of applied force, such as vibrations. One of the possible technologies 64 
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to measure soft tissue stiffness during RMIS is a resonance-frequency based method.
65
For instance, works in [20, 21] effectiveness only by following the pattern found from human demonstrations.
92
Further on, Section II describes the methodology of palpation studies; in Section III 93 the experimental results on soft tissue phantom palpation are presented. The force 94 control strategies are implemented using autonomous robotic palpation in Section IV.
95
Section V discusses the findings of the paper.
96
Methodology
97
Subjects and Experimental Protocol
98
In this paper we are particularly interested in understanding general force control 99 principles for tactile exploration of soft environments, such as artificial palpation during 100 RMIS. These studies aim to produce the results that can be generalized for various consent to participate in this study. The consent procedure was approved as part of the 105 studies by the ethics committee.
106
In total we have obtained and analyzed 420 trials of palpation recording from seven 107 palpation areas and twelve subjects performing five trials. Five out of twelve subjects 108 had experience with clinical manual palpation. Previous research indicates that there 109 might be a difference in palpation behavior between experts in palpation and 110 novices [13, 24] . However, the above mentioned studies analyzed palpation applied 111 across larger area involving finger displacement over the tissue. In this work, we also 112 evaluate whether the applied dynamics of force modulation during palpation of the 113 localized area is different for expert subjects.
114
The participants were asked to explore the appointed areas of an artificial soft tissue 115 phantom (Fig 1) To comply with the common natural stiffness ratio in healthy tissue tumor, artificial 139 soft phantoms with hard nodules were fabricated [26] . According to the previous 140 studies [27] 
Data Measurement
150
The experimental setup (Fig 1) was designed to measure the applied force during 151 palpation of an artificial soft tissue. Three-dimensional force readings were recorded 152 using 6 degrees-of-freedom force and torque sensor (Mini 40, ATI industrial automation). 153 The resolution of normal force is 0.01 N and the sensing range in that direction is ± 30 154 N. The range of lateral forces is ± 10 N with resolution 0.05 N. The sampling frequency 155 of the sensor is set to 1000 Hz. In order to smooth high frequency peaks, a moving 156 average filter was used with the span of 21 data points that is equivalent to low-pass filter. The sensor was mounted under a support base plate that holds the phantom 158 tissue. After the placement of the silicone phantom on the plate, accrued forces and 159 torques were biased to zero. The sample of artificial tissue was placed in such a way 160 that the area of examination is located just on the top of the six axis force and torque 161 sensor. As the silicone phantom was transparent the alignment of the nodule was 162 implemented visually, using the top view. As it is mentioned above, the area of the 163 nodule was covered with an opaque film. During palpation, the silicone block was stably 164 attached to the base under its own weight, and any sliding or bending was avoided.
165
To observe the variability of the force measurements for three force components 166 across subjects and all trials, standard deviations of normalized values were analyzed.
167
Measurements were normalized by the maximum value to the range from zero to one.
168
For statistical analysis, a Kolmogorov-Smirnov test was used to check if the data is Within-subject and between subject factors were always considered for the ANOVA 179 test where it is applicable. A post hoc Tukey honest significance test was used for the 180 correction of multiple comparisons. For F x (direction is chosen for this example), the finger can move freely in both directions, but in the case of F y (direction is chosen for this example), the motion is limited by a finger joint.
To characterize the magnitude of lateral forces in one variable, the area of a fitted 211 ellipse ( Fig 5) was used. Different combinations of semi-major and semi-minor axes can 212 lead to the same area of an ellipse, but as both of the forces are correlated, this does not 213 influence overall analysis.. Fig 5 displays the distribution of magnitude of lateral forces 214 for one selected subject and one trial. The fit of the ellipse was implemented using 215 custom MATLAB function ellipse fit [28] that is estimating ellipse parameters using 216 least square method. To check if it is possible to model the relationship between the nodule diameter and 218 the magnitude of the lateral force, characterized by the area of an ellipse as a curve, 219 linear regression analysis was used. According to the evaluation of the coefficient of 220 determination for polynomials of different orders, the mean order of best fit is as high as 221 3.7 ± 1. In addition, the results of statistical analysis show that the magnitude of 222 lateral forces is independent with respect of the nodule diameter and the preferences of 223 the subject (F 3,416 = 0.24 , p >0.05, for both subject groups separately, and all subjects 224 together). 
Normal Forces
237
Next step of the analysis is to understand whether the modulations of normal force are 238 random or follow any specific pattern during the exploration. The relationship of normal 239 force in respect to lateral is studied using correlation analysis. It was found that there is 240 a significant negative correlation (mean value equals to -0.45) between the magnitude of 241 lateral and normal forces (p <0.05 for 93% of all trials). This indicates that the probing 242 strategy includes both modulation of lateral and normal forces. This is taken into 243 account during the development of an autonomous robotic palpation, described later.
244
As it was observed in the previous sections lateral force follows fixed modulation, as 245 there is no significant variation of lateral forces among subjects and across trials.
246
Therefore, it is possible to conclude that the normal force can be modeled separately.
247
Normal force can be the main force vector that is used to produce a stiffness feedback 248 to detect an embedded hard formation. In the next subsection the mathematical 249 representation that can be used to model the normal force is studied.
250
Modeling of the Modulations of Normal Force
251
Observations of the behavior of the applied normal force show two main patterns used 252 by subjects -sinusoidal and ramp like modulation of the force with relatively short observed from different randomly selected subjects using the two types of profiles are 256 shown in Fig 7 - sinusoidal is shown in red dotted lines and step-like is shown in black 257 solid lines. Although, two separate patterns can be observed, the goal of this work is to 258 determine whether it is possible to find one generic pattern that describes the 259 modulations of normal force. Typically, human behaviors can be characterized using 260 forward predictive models [30] . In addition, the empirical evaluation of data excludes One option is to model the transient behavior as a Markov decision process with the 263 steady state treated as an absorbing state. However, we note that the settling time t s to 264 an absorbing state in this case is just 3.3 seconds. The value was calculated using the 265 second largest eigenvalue λ 2 of the probability distribution matrix: t s = 1/(1 − λ 2 ) [31] . 266 The settling time is too short to be modeled as a stochastic decision process. Therefore, 267 we focus more on the steady state behavior in this study. For the validation of the 268 mathematical model, the experimental data is split into 80 % of training data and 20% 269 of the validation data.
270
In this section both reactive and predictive models are tested. In the first case it is 271 assumed that subjects are planning the applied stress using previously perceived 272 information about stress values, while for the second case the estimated or predicted 273 stress is used. The autoregressive model can be defined with the following equation: where a i are the autoregression coefficients, ε t is white noise, c is constant X t is the 275 stress output, t is the sampling step, and n is the model order. In our case the constant 276 c is equal to zero. In case of (t + n) the model is predictive, in the case of (t − n) - 
296
Two obtained models were tested on the validation data, using costs of normalized 297 root-mean-squared error (NRMSE) as a measure of the goodness of fit. This criterion is 298 a non-dimensional version of root-mean-squared error (RMSE). NRMSE allows to 299 compare data of different dimensions dividing RMSE by the range of the observed data. 300 The model produces a perfect fit if the cost criteria of the validation data is 100% and 301 lower values indicate a decreasing fit. . In this study, we use a threshold of 70% to calculated for the estimation of each next step. The frequency of the force data is 1000 308 Hz. Thus, each time frame is 1 ms long. On the other hand, a predictive model is not 309 able to produce good fitness results. The average cost value for prediction horizon 5 ms 310 is 95%. However, the increase of horizon results in bad fitting below 60 %. Therefore, 311 we can conclude that the data of normal force can be best explained with the second 312 order reactive model. 
Robotic Implementation of the Algorithm for Local
314
Palpation
315
To validate whether the obtained reactive model of force modulations can be used 316 during artificial palpation, experiments were performed using a robotic setup. The goal 317 is to verify if the human-like palpation can be replicated during robotic palpation, and if 318 this type of artificial palpation can enhance the stiffness perception from the hard 319 embedded nodules. In particular, it is important to verify this approach for exploration 320 of the nodules that are difficult to perceive, such as very small or deep nodules. For the 321 prediction of the behavior of the normal force, a second order predictive autoregressive 322 model was used according to the findings of the human experiments.
323
Experimental Setup
324
To perform autonomous robotic palpation, a tactile probe was attached to the robotic 325 arm Fanuc M-6iB with R-J3iB controller. The robot arm has 6 DoF and ± 0.08 mm 326 repeatability of the motion. Tactile probe has a spherical indenter, 8 mm in diameter. 327 The position of the probe is measured from the position of the end effector of the robot 328 using forward kinematics. A commercially available force and torque sensor NANO17 probe is 6 mm. The palpation algorithm autonomously controls the modulation of the 333 applied normal force, but not the indentation depth. The safety threshold is needed to 334 avoid breakage of the tissue or of the probe. In addition, it is required to preserve the 335 linear elastic limit for the silicone phantom [32] to obtain correct stiffness values. Fig 9 336 displays the arrangement of the experiments. 
Design of Validation Experiments
338
In the presented work the aim is not to mimic human behavior, but to understand 339 patterns of human palpation for one localized area, and subsequently to implement and 340 to adapt the behavioral pattern for robotic implementation. The target of the validation 341 experiments, described in this section, is to determine whether the outlined 342 mathematical model of human behavior can be implemented in robotic applications. It 343 is required to compare the performance of the proposed force-based modulation strategy 344 with simple indentation-based or passive palpation, such as in [33] , when the stiffness is 345 measured after the indentation of the probe into material.
346
The Young's or Elastic modulus is used to evaluate the perceived stiffness values 347 during the autonomous palpation. It is reported [34] that for a spherical indentation tip 348 and a small indentation depth, the Young's modulus of soft tissue can be calculated as 349 follows:
where, E is the Young's modulus, v is the Poisson's ratio, f is the normal interaction 351 force, r is the radius of the indenter, and d in is the indentation depth. Poisson's ratio 352 for the assumed incompressible soft tissue is 0.5.
353
For this experiment silicone phantoms with hard nodules of different diameters are 354 used. Similarly to studies with human subjects the diameters were chosen to be 3, 6, 9, 355 12 and 15 mm, all embedded at a depth of 5 mm. Larger nodule is not considered, as 356 the diameter of the indenter (8 mm) is approximately half size compared to the average 357 width of the index finger's fingertip that is 17 mm, according to reports in [35, 36] .
358
Therefore, the robotic identification is performed both for nodules that can be difficult 359 for humans to sense and that are easier to perceive. In addition, to evaluate perception 360 between harder areas and soft uniform environment, the stiffness of the location with no 361 nodule is evaluated as well. The validation experiments are performed using the 4. Finally, the validation of our modeling approach for the autonomous palpation is 377 performed in Section . Robotic palpation is performed using modulations of 378 lateral and normal forces separately.
379
Control Algorithm
380
The design of the control algorithm for autonomous palpation was based on the 381 proposed experimental design. The position control of the robot is implemented based 382 on the force feedback measured by the probing device.
383
The first stage of the algorithm is initialization of the system. The system is running 384 with the time interval of 120 ms, that was chosen empirically. This time allows the After the initialisation is complete, the palpation loop is started. According to 392 human demonstrations, lateral and normal motions are applied also for robotic 393 palpation. The sinusoidal modulation is created due to lateral motion with the range of 394 2 mm, and it is set to fluctuate at frequency of 22.3 Hz. Normal motion of the robotic 395 probe is applied based on the desired force that is set by the AR model.
396
Each iteration of the palpation loop consists of the following steps: 1) the system 397 obtains force readings from the tactile probe; 2) the desired palpation force is predicted 398 define a criterion determining the length of autonomous palpation and decision making 412 process. It was observed (Fig 10) , that after some time of palpation, the measured force 413 feedback settles down to a steady state with vibrations. In the example in Fig 10, 
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Analysis of Stiffness Measurement for Autonomous Robotic
421
Palpation
422
The results of stiffness measurement for autonomous robotic palpation for different sizes 423 of nodules are displayed on Fig 11. These results demonstrate how variable dynamics of 424 the probe causes the modulation of stiffness. The recorded stiffness varies near the 425 value of indentation based stiffness. Thus, the motion of the probe generates dynamic 426 gain of stiffness that can be used to enhance the perception. To understand the nature 427 of such response, variance and magnitude of the signal should be considered. Fig 12   428 visualizes the above parameters. 
435
In addition to variance of the signal, it is important to see the difference between the 436 real stiffness magnitude (indentation-based measurement) and the enhanced magnitude 437 from autonomous palpation. The mean value of the magnitude from autonomous 438 palpation is used. The values are represented on Fig 12b) . It can be observed that the 439 difference with is negative only for the case of soft silicone palpation with no nodule 440 inside. Therefore, the stiffness calculated during autonomous exploration exceeds the 441 stiffness threshold that was measured during simple force indentation test. It can be 442 interpreted, that the static value of indentation-based stiffness is enhanced with some 443 dynamic gain. Therefore, the presence of the nodule on a chosen location can be 444 checked by using the obtained algorithm, and by comparing the measured stiffness with 445 the indentation-based stiffness from the same location.
446
Use of Lateral and Normal Forces for the Autonomous
447
Palpation
448
The motion of the probe or finger applies three-dimensional force to the phantom tissue. 449 According to the correlation analysis in Section , lateral and normal forces are To validate this assumption, two behaviors are tested separately on the small 457 nodules that might be difficult to detect -3 and 9 mm. In case the algorithm performs 458 well for two separate behaviors, further tests are required to find the best approach. 
Discussion
502
The focus of this work is on palpation of a defined local area to perform thorough 503 tactile examination. However, the problem presented in this study should be considered 504 together with the other challenges associated with robotic palpation. Mapping of the 505 complex organ shape and control of the probe's position in the viscoelastic environment 506 is one of them. This problem can be solved in several different ways. One approach 507 Table 2 . Relevant work on human palpation studies for robotic applications.
Focus of study Relevant findings Reference Palpation of hard nodules by humans Force and velocity strategies are outlined for palpation of a continuous path [39] Global robotic palpation
Correctly chosen global,palpation pattern improves nodule identification [40] Evaluation of palpation skills of clinicians Most efficient skills are:1) Palpation of a coin with a paper cover; 2) Controlling, palpation pressure; 3) Discriminating changes in soft Tissues; 4) Integrating, skills with blindfold palpation.
[41]
Evaluation of learner's, performance for breast palpation Importance of global search palpation, and local palpation, pressure is highlighted [42] Software framework for robotic surgical tasks, segmentation, of hard inclusions
Results in the segmentation of hard inclusions helped to outline parameters such as sensitivity, specificity, duration, and safety.
[ 43, 44] Vibration for robotic surgery
Dragging strategy of palpation is better combined with, vibro-tactile feedback, compared to pressure [45] Robotic palpation Importance of interaction behaviour and internal stiffness control [46] involves the use of tactile probes that measure both force and indentation [38] .
508
Alternatively, it is possible to use virtual representation of the target organ [32] .
509
Another area of studies that should be considered in conjunction with this work is the 510 visualization of the obtained stiffness distribution from an organ. in [12] . In addition, such probe allows fast examination speed of the whole organ.
519
Local palpation techniques should be considered in conjunction with global 520 examination of an organ that is used to detect areas of possible abnormalities. Due to 521 complexity of the palpation environment and safety issues, tele-manipulated palpation is 522 the most suitable approach for global examination. Therefore, it can be combined with 523 autonomous palpation for selected areas to enhance the quality of the examination. To 524 expand the validation of our approach, in future studies it is planned to consider robotic 525 palpation of bigger nodules, as well as nodules of different shapes and orientation.
526
Another important aspect is the real-time assessment of the system performance due to 527 time constraints of the surgical operations. In our studies the identification of the analysis it is required to take into account global examination of an organ.
530
The findings presented in this work contribute to the general understanding of 531 techniques and features of palpation for robotic applications. The summary of our 532 findings, as well as other related works on human palpation behavior for robotic tactile 533 examination, is shown in Table 2 .
534
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In this study it was required to use a sensor with good technical parameters to 535 perform validation and analysis of the proposed method. However, the advantage of 536 force control strategies is that they can be used with simple probing devices, which are 537 based on the indentation and force measurement principles. Therefore, there might be 538 no need to use tactile devices that have complex mechanical design or sensing principle 539 that is based on vibration or frequency. The work on the development of tactile probes 540 for robotic palpation is still ongoing research. Nevertheless, various affordable solutions 541 have been already developed to fulfill the requirements of the proposed system in terms 542 of force range, sensitivity and response, such as [38, 47] .
543
The work presented in this paper builds a base for the understanding local palpation 544 behavioral strategies that can be used to improve the perception of non-homogeneous 545 distribution in soft tissue. However, the studies can also be applied to the examination 546 of viscoelastic environments for various other applications, such as the examination of 547 the whole range of rubbers and silicones for industrial applications where a robot needs 548 to perform sorting and manipulation of such materials, because we did not limit our 549 participants to trained experts in any particular palpation technique.
550
Conclusions
551
Three questions proposed in the beginning of this paper were investigated to study 
558
Second question was to investigate whether there exist a mathematical model that 559 can represent the pattern of force modulations. The analysis of human behavior during 560 palpation of hard nodules shows that the applied normal force can be modeled using the 561 second order reactive model. This means that every next movement was planned 562 according to the previously perceived information.
563
Then, to validate the abstracted palpation behavior and to answer the third 564 question, autonomous robotic palpation is performed. Robotic behavior is created using 565 recorded human demonstrations of tactile exploration. The robotic probe with a 566 spherical indentation tip is used to autonomously palpate soft tissue silicon phantom.
567
Thus, it was shown that the obtained model of modulation of the applied force enhances 568 the perception of stiffness from a non-homogeneous environment and can be successfully 569 used during robotic-based palpation. Also, we have demonstrated that it is necessary to 570 use a combination of lateral and normal motion to achieve a more efficient exploration 571 of the environment. The results have demonstrated that the applied behavior enhances 572 the perceived stiffness of hard nodules with the help of an increased magnitude as well 573 as variance of the perceived signal. 
